Background: The transcription factor signal transducer and activator of transcription 3 (Stat3)
Introduction
The signal transducer and activator of transcription (STAT) proteins comprise a family of seven closely related (e.g., lymphoid/myeloid malignancies and solid tumors) 2 and in cells transformed with c-Abl and v-Src oncogenes. 3 Many genetic studies have suggested that the inhibition of this oncogenic transcriptional regulator could provide an effective treatment opportunity. Stat3 is activated through tyrosine phosphorylation, which is mediated by members of the Jak tyrosine kinase family in response to numerous growth factors such as epidermal growth factor (EGF), interleukin-6 (IL-6), 4 and other cytokines. 5 These growth factors are closely related to tumorigenesis and cancer progression. In particular, EGF signaling has been linked to nearly 30% of tumor proliferation events, partly through Stat3 activation. Hence, Stat3 is a major mediator of tumorigenesis, especially because it affects many parameters of malignancy development and progression such as cell proliferation, apoptosis inhibition, and angiogenesis. Examples of Stat3-regulated genes include c-myc 6 and cyclin D1 7 (which mediate cell proliferation); Mcl-1, c-IAP2, Bcl-2, 8 and Survivin 9 (which suppress apoptosis); and matrix metalloproteinase-9 (MMP-9) 10 (which mediates cellular invasion).
In addition to regulating genes essential for tumor cell survival and proliferation, Stat3 also mediates immune suppression by inhibiting the expression of proinflammatory cytokines and chemokines necessary for dendritic cell activation, by negatively regulating T helper-1 cell-mediated inflammation, 11 and by regulating vascular endothelial growth factor (VEGF) and IL-10-mediated crosstalk between tumor cells, 12 thereby resulting in immune evasion by cancer cells.
Stat3 plays a critical role in tumorigenesis, inflammation, and crosstalk between tumor and normal cells within the tumor microenvironment. Thus, Stat3 inhibitors could be potentially useful for cancer prevention and treatment. 5 Numerous studies have been conducted to develop a safe and efficient strategy of suppressing Stat3 activity in cancers. One of the best-known Stat3 inhibitors is AG490, which inhibits Jak2, the activation partner of Stat3. 13 Some small peptides, 14, 15 oligonucleotides, 16 and small molecules 17, 18 have anti-Stat3 activity. Several plant-derived polyphenols such as curcumin, 19 resveratrol, 20 and magnolol 21 also have Stat3 inhibitory properties.
In our study, we demonstrated that elevated Stat3 signaling is a common feature of human lung cancer cell lines, and we evaluated the Stat3 inhibitory activities of 38 ethanol extracts of plants that have been traditionally used in Korea. These data could be helpful to the development of novel cancer chemotherapeutic reagents for lung cancers from naturally available and confirmed safe medicinal herbs. 
Methods

Herbal materials
Preparation of ethanol extracts
The dried and ground plant materials were extracted with 70% ethanol (100 g/L) by sonication twice each for 1 hour. After extraction, each extract was filtered through 3 MM paper and concentrated in vacuo to obtain a dried extract. Each powdered herbal extract was first dissolved in dimethyl sulfoxide (DMSO) at a concentration of 20 mg/mL, and then diluted to 2 mg/mL in phosphate buffered saline (PBS; DMSO concentrations in the stock solutions were 10%) and stored at -20 • C until further use. The cell lines Caki-1 and HCT116 were grown in McCoy's 5A medium (Invitrogen). Each medium was supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen), 100 U/mL of penicillin, and 100 g/mL of streptomycin (Invitrogen). The cells were cultured in a humidified atmosphere with 5% CO 2 at 37 • C. 
Cell cultures
In vitro Stat3 activity assay
Western blot analysis
Changes in intracellular protein levels in response to Stat3-regulating herbal extract treatments were determined by Western blot analysis. A549 human lung cancer cells were plated in 60-mm culture dishes at a density of 1 × 10 6 cells/dish 16-24 hours prior to drug treatment. The cells were treated with 100 g/mL of each herbal extract for 24 hours. The total protein was extracted with an ice-cold radioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific, Rockford, IL, USA) that contained Complete TM Protease Inhibitor Cocktail (Roche, Mannheim, Germany) and phosphatase inhibitor cocktails 2 and 3 (Sigma). The protein concentrations were quantified on the basis of the BCA colorimetric method (Thermo Scientific). For the next step, 25 g of the proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. The protein-blotted membranes were blocked with a 5% (w/v) skim milk solution in Tris-buffered saline (TBS) with 0.1% Tween 20 for 1 hour at room temperature (RT). They were then probed with primary antibodies at 4 • C overnight. The primary antibodies were detected with species-specific horseradish peroxidase-conjugated secondary antibodies for 1 hour at RT. 
Results
Elevated basal Stat3 activity levels in human lung and kidney cancer cell lines
Stat3 was previously reported to be constitutively active in many biological tumors, including lung cancer. 3 To test whether basal Stat3 signaling was elevated in various cancer cell lines in comparison to normal cells, eight human cancer cell lines from four different tissue origins (e.g., lung, colon, kidney, and stomach) and three human primary cell lines from lung and colon origins were selected for a comparison of Stat3 activation levels. Each cell line was transfected either with a Stat3-responsive luciferase construct or a noninducible negative control construct. The intracellular luciferase activity was measured 24 hours after transfection. The relative Stat3 activity was calculated by the fold increase in luciferase activity in the cells transfected with the Stat3-responsive element over the negative control. As Fig. 1A shows, all human lung cancer cell lines (i.e., A549 and NCI-H23) and renal cancer cell lines Caki-1 and ACHN showed elevated basal Stat3 activity levels (p < 0.03), compared to normal cell lines. By contrast, the cancer cell lines derived from the colon (KM12 and HCT116) and from the stomach (SNU1 and SNU638) did not show increased basal Stat3 activity levels in vitro. Of these cell lines, the human renal carcinoma cell line Caki-1 and the human lung cancer cell line A549 exhibited the highest basal Stat3 activity levels, which were approximately 7-12-fold higher than the negative control promoter activity. Even though both renal cancer cell lines that we tested showed highly elevated basal Stat3 levels, the lack of a normal counterpart prevented us from further investigating Stat3 signaling in these cell lines. Lung cancer cell lines also exhibited elevated basal Stat3 activity in comparison to normal lung cell lines; therefore, by using actin as an internal control, we further confirmed the overall Stat3 signaling activity levels among the lung cell lines by evaluating the expression levels of key proteins that are transcriptionally regulated by Stat3 (Fig. 1B) . All cancer cell lines expressed high levels of Bcl-xL, c-Myc, Mcl-1, and Survivin, but had lower actin expressions in comparison to the normal cell lines. This indicates that hyperactive Stat3 signaling is a common feature in human lung cancer cell lines.
Screening of herbal extracts for Stat3 inhibitory properties
We next used a Stat3-responsive reporter assay system to screen the 38 herbal extracts for their ability to suppress Stat3 * Mean ± S.D. of one representative experiment performed in triplicate (out of three independent experiments). I, inhibitory (< 75%); N, no effect (between 75% and 125%); S = stimulatory (> 125%). activity in A549 cells. We selected the A549 cell line from among the lung cancer cell lines for this study because of its highly elevated intracellular Stat3 activity levels (Fig. 1A) . A549 cells were transfected with a Stat3-responsive luciferase construct and subsequently treated with 100 g/mL of various herbal medicine extracts for 16 hours, at which point changes in Stat3 activity in the treated cells were compared to the activity in the vehicle (0.5% DMSO)-treated cells. AG490 (50 M), a well-known Stat3 inhibitor, was the positive control. As Table 2 shows, A549 cells treated with AG490 had approximately 50% basal Stat3 activity, compared to the vehicle control. Most extracts exhibited at least mild Stat3-suppressing activity, whereas only a few extracts exhibited Stat3-activating properties. The extracts were grouped into three categories based on their effect on Stat3 activity, as follows: "I" was specifically inhibitory (< 75% of the vehicle control); "N" was no effect (between 75% and 125%); and "S" was stimulatory (> 125%). Nineteen herbal extracts were found to have Stat3-inhibitory effects and only one herbal extract, the root of Scutellaria baicalensis Georgi, exhibited a Stat3-stimulatory effect. Of the 19 herbal extracts that exhibited anti-Stat3 activity, Bupleurum falcatum L.(BL), Taraxacum officinale Weber, Solanum nigrum L., Ulmus macrocarpa Hance, Euonymus alatus Sieb., Artemisia capillaris Thunb., and Saururus chinensis (Lour.) Baill inhibited more than 50% of the Stat3 activity in A549 human lung cancer cells.
Regulation of Stat3 signaling components by herbal extracts
Because Stat3 activation is primarily mediated by Jak2, 5 the levels of Jak2 phosphorylation, Stat3 tyrosine 705 phosphorylation (a primary activating phosphorylation site on Stat3), and the expression levels of Stat3 were assessed in the cells treated with selected strong anti-Stat3 herbal extracts. As Fig. 2 shows, Jak2 phosphorylation was effectively inhibited by all seven extracts, and Stat3 phosphorylation at Tyr705 was reduced by A. capillaris, S. chinensis, T. officinale, and S. nigrum treatment. The Stat3 expression level was interestingly nearly abrogated in S. nigrum-treated A549 cells, which suggests that an ethanol extract of S. nigrum can effectively suppress Stat3 gene transcription and/or translation or enhance Stat3 degradation.
As previously mentioned, the expression levels of many downstream target proteins are regulated by Stat3, including well-known oncogenes (such as c-Myc) and apoptosisinhibitory proteins (such as Survivin and Bcl-xL). Survivin expression levels were decreased in A549 cells that had been treated with any of the seven extracts, and c-Myc expression levels were reduced in response to A. capillaris, U. macrocarpa, S. chinensis, T. officinale, and S. nigrum (Fig. 2) . The expression levels of Bcl-xL, a Bcl-2 family member that inhibits apoptosis, were mildly decreased in response to the extracts of A. capillaris, U. macrocarpa, S. chinensis, T. officinale, and S. nigrum (Fig. 2) .
Discussion
The major hallmarks of cancer include uncontrolled cell growth, growth suppressor evasion, cell death inhibition, angiogenesis induction, activation of invasion and metastasis, and host immunity avoidance. 22 Since the introduction of mechanism-based targeted therapies to treat human malignancies, many efforts have been made to develop chemotherapeutic agents that can control each and/or all of these hallmarks of cancer. In this light, Stat3 is an attractive novel target for cancer therapies because it can regulate most of these hallmarks of cancer. 23, 24 In this study, we first demonstrated that the basal Stat3 signaling levels are elevated in some types of human cancer cell lines such as lung and kidney cancers (Fig. 1A) . The protein levels of genes regulated by Stat3 (e.g., Bcl-xL, Survivin, and c-Myc) consequently are much higher in human lung cancer cell lines than in normal lung cell lines (Fig. 1B) . All of these proteins are important mediators of tumorigenesis that can enhance cell growth, inhibit apoptosis, and induce drug resistance. These findings, combined with other numerous reports about Stat3 hyperactivity in human cancers, 2 led us to search for Stat3 signaling inhibitors in traditionally used herbal medicinal materials.
Thus, 38 medicinal herbs grown and processed in Korea were selected, extracted with 70% ethanol, and evaluated for their Stat3-inhibiting activities in the A549 human lung cancer cell line, which has elevated intrinsic Stat3 activity. All of these medicinal herbs have been traditionally used for various cancer-like symptoms. Of these 38 medicinal herbal extracts, 50% (19 extracts) exhibited at least moderate Stat3-inhibiting activities, whereas only one extract (Scutellaria baicalensis Georgi root) exhibited Stat3-stimulating activity (Table 2) . We further selected the seven most potent extracts to test whether the Stat3-inhibiting activities of these extracts could suppress the key hallmarks of cancer proteins that are regulated by Stat3 (Fig. 2) . When treated with these extracts, the A549 cells, as anticipated, showed inhibited activity of Stat3 and Jak2 (its activation partner) and showed reduced expression levels of some or all of the Stat3-regulated proteins.
Solanum nigrum L. (SN) has been widely used in Traditional Chinese Medicine (TCM) as an elemental ingredient of clinical TCM cancer therapies. 25 A water extract of SN leaves was reportedly induces apoptosis and autophagy and enhances the cytotoxic activity of various chemotherapeutic agents in various human cancer cell lines, including colorectal cancer, prostate cancer, and breast cancer; 20, 26, 27 however, little is known about the mechanism of its action besides the fact that it contains many plant polyphenols and flavonoids. Our preliminary study indicated that the ethanol extract of SN only exhibited moderate cytotoxicity in a single lung cancer cell line, NCI-H23, among the four cell lines we used in this study (data not shown). This clearly indicated that the mechanism behind the possible antitumor activity that we observed for SN is unrelated to its cytotoxic property. As Fig. 2 and Table 2 show, the SN extract has potent Stat3-inhibitory activity. The Stat3 transcriptional activity was reduced by more than 65%, and the expression levels of Stat3 and the phosphorylation of Jak2 were almost completely abolished. Furthermore, the expression levels of Mcl-1, c-Myc, Bcl-xL, and Survivin were reduced.
Another medicinal herb that we tested, BF, is a widely used herbal remedy in Korea, China, and Japan that possesses antidepressant, 28 antioxidative, 29 and antiulcerative 30 properties. In our study, an ethanol extract of BF also exhibited a potent Stat3-inhibitory effect. However, unlike the SN extract, the BF extract had little effect on the Stat3 expression level and only mildly inhibited the phosphorylation of Stat3 and Jak2. The BF extract efficiently inhibited Mcl-1 and Survivin expression, although it had little effect on the expression levels of c-Myc and Bcl-xL.
U. macrocarpa Hance. (UM)-also called by its common name, "large-fruited elm"-is known for its antioxidative and anti-inflammatory properties. 31, 32 In our study, the UM extract exhibited potent Stat3-inhibitory activity, yet had little effect on activating the phosphorylation of Stat3 and Jak2. The UM extract inhibited c-Myc, Survivin, and Bcl-xL expression but not Mcl-1 expression.
In conclusion, we evaluated the in vitro Stat3-inhibitory activity levels of 70% ethanol extracts from 38 herbal medicines. Of these extracts, seven herbal medicinal plants-including BL., T. officinale Weber, S. nigrum L., UM, E. alatus Sieb., A. capillaris Thunb., and S. chinensis (Lour.) Baill.-exhibited potent Stat3 inhibition and reduced the expression of many cancer-related proteins. Stat3 inhibition is the common feature exhibited by these plant materials; however, further research into the mechanism of Stat3 suppression should follow because each extract potentiated a different level of Stat3 downstream target expression. To our knowledge, this is the first report to demonstrate Stat3-inhibitory activity in plant extracts. These data could be a valuable source for the development of novel and safe chemotherapeutic agents from traditional herbal remedies.
